' * • » 

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY <PCT) 




IMS lilllliilliiiiiiiHii 

(43) International Publication Date (10) International Publication Number 

28 March 2002 (28.03.2002) PCT WO 02/25337 A2 



(51) International Patent Classification'^: G02B6/I2 

(21) International Application Number: PCTAJSOl/41632 

(22) International FiUng Date: 8 August 2001 (08.08.2001) 

(25) Filing Language: English 

(2(») Publication Language: English 

(30) Priority Data: 

60/234,845 22 September 2000 (22.09.2000) US 
09/876,392 7 June 2001 (07.06.2001) US 

(71) Applicant: MASSACHUSETTS INSTITUTE OF 
TECHNOLOGY [US/US]; 77 Massachusetts Avenue. 
Cambridge, MA 02139 (US). 

(72) Inventors: LEE, Kevin, K.; 143 3rd Street, #3, Cam- 
s bridge, MA 02141 (US). LIM, Desmond; 218 Thomdike 

Street, #106, Cambridge, MA 02141 (US). WADA, 



Kazumi; 23 Hill Street, Lexington, MA 02421 (US). 
KIMERLING, Lionel, C; 369 Strawbeiiy Hill Road, 

Concord, MA 01742 (US). 

(74) AgenU: CONNORS, Matthew, E. et al.; Samuels, 
Gauthier & Stevens, LLP, Suite 3300, 225 Branklin Street, 
Boston. MA 021 10 (US). 

(81) Designated States (national): CA, JP, KR. 

(84) Designated States (regional): European patent (AT, BE, 
CH, CY, DE, DK, ES, R, FR, GB. OR, IE, IT, LU. MC, 
NL, PT, SE. TR). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two-letter codes and other abbreviations, refer to the "Guid" 
ance Notes on Codes and Abbreviations'* appearir^ at the begin- 
ning of each regular issue of the PCTT Gazette. 



(54) Title: LOW-LOSS WAVEGUIDE AND METHOD OF MAKING SAME 




(57) Abstract: A method of reducing the 
scattering losses that involves smoothing of 
the core/cladding interface and/or change of 
waveguide geometry in high refractive index 
difiference waveguides. As an example, the 
SOI-based Si/Si02 waveguides are subjected 
to an oxidation reaction at high temperatures, 
after the waveguide patterning process. By 
oxidizing the rough silicon core surfaces 
after the patteming process, the core/cladding 
interfaces are smoothened, reducing the 
roughness scattering in waveguides. 
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LOW-LOSS WAVEGUTOE AND METHOD OF MAKING SAME 

PRIORITY INFORMATION 

This application claims priority from U.S. Patent Application Serial No. 
5 09/876,392 filed June 7. 2001 and from provisional application Ser. No. 60/217,167 
filed July 10, 2000. 

BACKGROUND OF THF TNVFNTTON 

The invention relates to the field of optical waveguides, and the method of 
manufacturing waveguides. 

10 Roughness scattering is one of the major sources of transmission loss in planar 

waveguides. The roughness at die core/cladding mterface, arising from the 
waveguide patterning process, is responsible for such a scattering. Several methods 
are possible to reduce the scattering losses in planar waveguides. Reduction of 
scattering loss by annealing the waveguide at high temperature, after the waveguide 

15 patterning process, has been previously reported by Kashimura et al. in Japanese 
Journal of Applied Physics, Vol. 39, June 2000. This publication reports die loss 
reduction technique for a waveguide widi a low index difference waveguide between 
the core and the cladding. Ge02-doped silica (silicon dioxide) waveguides, whose 
refractive index difference between die core and the cladding is -0.02, were used in 

20 that study. 

The roughness scattering is particularly severe for high index difference 
waveguides where the effective refractive index difference between the core and the 
cladding is above 0. 1 . The effective refractiveindex difference higher than 0.1 
corresponds to the waveguide single-mode cutoff dimension less than roughly 2.5 times 

25 die wavelength in the core. Yet there has been no prior art on reducing die scattering 
losses by subjecting high index difference waveguides to a smoothing process after 
the waveguide patterning. 

A strip Si/Si02 waveguide based on SOI is an example of a high index difference 
waveguide. A strip waveguide has a core surrounded by a cladding comprising one or 

30 more materials having different refractive indices than the core. For SOI waveguides, 
oxidation at an elevated temperature is one method that smoodiens rough interface and 
dius reduces the scattering loss. Smoothing of rough surfaces of silicon after die 
patterning process by oxidation, followed by oxide removal, has been reported in the 
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literature. Juanetal., Journal of Vacuum Science Technology B, Vol. 14, No. 6, 
Nov./Dec. 1996, report oxidation smoothing of silicon sidewalls for mirror applications 
while Yahata et al., Japanese Journal of Applied Physics, Vol. 37, July 1998, report 
smoothing for MOS applications. Yet, there have been no publications on oxidation 
5 smoothing of the silicon waveguide core to reduce scattering losses in strip waveguides. 
U.S. Pat. No. 5,360,982, issued to Venhuizen describes a new waveguide 
fabrication technology that produces smooth silicon waveguide surface. Waveguides 
with smooth interfaces are formed by local oxidation of the silicon substrate. This 
process is different from our present invention in that the waveguide is formed by 
10 oxidation in the patent, while in tiie invention, the oxidation step is incorporated after 
the waveguides are already formed by patterning, 

SUMMARY OF THE INVENTION 

The invention provides a technique of makmg low-loss waveguides by 
subjecting tiie waveguide, after the waveguide patterning process, to treatments that 

15 smoothen the core/cladding mterfaces, and/or diange the waveguide core dimension. 
The invention is particularly useftil for high index difference waveguide systems 
where the scattering loss is high. In an exemplary embodunent, a mediod includes 
smoothing of the core/cladding interface of SOI-based Si/SiOz waveguides by 
oxidation at high temperatures, after the waveguide pattermng process. 

2 0 The invention provides a new waveguide fabrication method that involves a 

waveguide patterning process, followed by smoothing of the waveguide core surface. 
The invention provides a method of reducing the scattering losses in planar 
waveguide by subjecting the already-ftibricated waveguide to treatments that reduce 
the dimension of the waveguide core, redudng the effective core refractive index, 

25 effective refi-active mdex difference, and the scatteing losses, since the scattering loss 
is a strong function of effective refractive index difference between the core and the 
cladduig. 

The invention shows that the rough silicon core surfaces of Si/SiOz 
waveguides, resulting from waveguide patterning processes (e. g. photo-lithography 
30 and etching), are smoothened by oxidation at high temperatures. Various oxidants 
can be used to react with die silicon core to form Si02 on the surfaces at elevated 
temperatures in Si/Si02 waveguides. 

The aforementioned smoothing of the waveguide core can be achieved in a 
divisive process that tends to niinimize the energy of the rough surface by annealing the 
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core material, after the waveguide patterning, at elevated temperatures above 
100 in a gaseous ambient other than air or vacuum. 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 Figure 1 is a perspective block diagram of an initial SOI platform 100 on 

which a waveguide is formed; 

Figure 2 is a perspective block diagram of the platform of Figure 1 including a 
waveguide core 108 after a typical patterning process; 

Figure 3 is a perspective block diagram of the platform of Figure 2 after the 
1 0 surfaces of the core have reacted with the oxidizing agents and form a coating layer 
of Si02; and 

Figure 4 is a perspective block diagram of the platform of Figure 3 following 
the removal of the SiOi layer to show the silicon core surface after smoothing. 

15 DETAILED DESCRIPTION OF TEDE INVENTION 

An exemplary embodiment of the invention provides an oxidation smoothing 
technique that reduces the roughness at die core/cladding interfaces of Si/Si02 
waveguide. Figure 1 is a perspective block diagram of an initial SOI platform 100 on 
which a waveguide is formed. A top silicon layer 102 will be made into a waveguide 

20 core while a Sid layer 104 will become an undercladding layer. A silicon substrate 
106 is provided for mechanical support. 

Figure 2 is a perspective block diagram of the platform including a waveguide 
core 108 after a typical patterning process including photolithography and etching of 
the layer 102. The sidewall roughness 110 of the core 108 is due to the waveguide 

25 patterning process. This roughness is responsible for scattering loss in the 

waveguide. The core 108 is then subjected to oxidizing agents, such as O2 or H2O 
gases at an elevated temperature. The surfaces of the core will react with the 
oxidizing agents and form a coating layer of Si02 1 12, as shown in Figure 3. Since 
convex points of the rough surface 1 10 oxidize faster than concave points, the 

3 0 reaction tends to reduce the roughness of the core. 

The reaction rate increases with the reaction temperature. When the reaction 
temperature is too low, the reaction rate is too slow for enough oxidation. When the 
reaction temperature is too high, one may not have a good control over the thickness 
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of Si02 formed because of a high reaction rate. In order to grow nm to jim of SiOi 
in a period of minutes to hours, typical temperature ranges between 600 to 1200°C. 

The oxidation time should be chosen carefully to form desired SiOj thickness 
and to achieve desired waveguide core dimension. The choice of time will depend on 
5 the oxidation temperature since the reaction rate depends on the temperature. 

Figure 4 is a perspective block diagram of the platform following the removal 
of the SiOi layer 112 to show the silicon core surface 114 after smoothing. 
Alternatively, one can choose not to remove the SiOz layer 1 12 since it can act as a 
cladding layer for the waveguide core in Figure 3. 

1 0 The method of the invention can be used to smoothen the waveguide core 

surfaces of otiier geometries, such as ridge waveguides. Any SOI waveguide whose 
core is defined by a patterning process diat produces surface roughness can be 
smoothened by this technique. 

Different oxidants can be used to react with silicon to form Si02. The 

15 oxidation temperature and time should be chosen according to the chosen oxidant^ 
since the reaction rate depends on the ^lecific species of oxidants used. 

An e;qperiment was carried out to demonstrate the mvcntion. The 0.34Mm 
thick silicon layer of a SOI wafer, which is positioned on top of a l|im thick SiOi 
layer, was patterned to get the core of a strip waveguide. Photolithography and 

20 reactive ion etching were used to pattern the waveguide core. The waveguide core 
showed sidewall roughness resulting from the patterning process. The waveguide 
went through an oxidation reaction that involved the following stq)s: a dry oxidation 
step for 20 mmutes with Oi gas at 1000°C, a wet oxidation step for 43 minutes with 
H2O and Oz at lOOO^C, and a dry oxidation step for 20 mmutes with O2 gas at 

25 1000«>C. 

Most of the Si02 was formed during the wet oxidation step, due to its &st 
reaction, and hence it is a critical step in the expmment. After the reaction the 
waveguide dimensions were about O.Spm in width and <0.3pjn in height. This 
single mode waveguide exhibited scattering loss of less than 0.8dB/cm, compared to 
3 0 comparably sized waveguide with no oxidation smoothing, which exhibited over 
30dB/cm. 

During the experunent, the waveguide thickness decreased due to the 
consumption of silicon to form SiOz. The reduction m thickness resulted in the reduction 
of the effective refractive index of tiie core, and thus in the reduction of the effective 
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refractive index difference between the core and the cladding. The reduction in the 
effective refractive index difference between the core and the cladding resulted in 
additional reduction of the scattering loss since the scattering loss is a strong function of 
die refractive index difference between the core and the cladding. 
5 While exemplary embodiments of the mvention have been illustrated with 

subjecting the already-fabricated Si/SiCh waveguide core to the oxidation reaction to 
reduce the core/cladding interface roughness, it will be appreciated that annealing the 
ateady-fabricated Si/SiQz waveguide core in an gaseous ambient including hydrogen 
gases at elevated temperatures smoothens the core/cladding interface, and can also 

10 reduce the roughness and flius reduce losses. The silicon core material undergoes a 
diiJusive process that tends to minimize the energy of the rough core surface, 
smoothing the rough core/cladding inteiiace. 

While exemplary embodiments of the invention have been illustrated with 
subjecting the ahready-fabricated waveguide core to the oxidation reaction to reduce 

15 the core/cladding interface roughness, it will be appreciated that subjecting the 

akeady-fabricated waveguide core to a wet chemical etch smoothens the core/cladding 
interface, and can also reduce the roughness and thus reduce losses. Both anisotropic 
and isotropic etchants can be used. Whoi an anisotropic etchant is used to smooth a 
single-crystalline core material, some or all of flie core surfaces can become crystal 

2 0 planes, resulting in atomically smoofli surfaces. Examples of anisotropic etchants for 
single-crystallme sUicon core are KOH (Potassium Hydroxide) and TMAH (Tetra- 
Methyl-Ammene-Hydroxide). When an isotropic etchant is used, the etching process 
reduces the roughness on the core surfaces to minimize the energy of rough surfaces. 
Although the present invention has been shown and described with respect to 

25 several preferred embodunents thereof, various changes, omissions and additions to 
the form and detail thereof, may be made therein, without departing from the spirit 
and scope of the invention. 
What is claimed is: 
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CLAIMS 

1 1 . A method of making a low-loss waveguide having silicon as its core, 

2 comprising: 

3 providing a planar strip waveguide having core/cladding interface roughness; 

4 and 

5 subjecting said waveguide to one or more reactions that reduce the 

6 core/cladding interface root-mean-squaie (RMS) roughness in order to in turn reduce 

7 scattering losses in said waveguide. 

1 2. The method of claim 1, wherdn the waveguide core is reduced in size. 

1 3. The mediod of claim 1, wherein the effective index of the waveguide is 

2 reduced. 

1 4. The method of claim 1, wherdn one of said reactions produces reaction 

2 products with different chemical compositions from that of said core. 

1 5 , The method of claim 4, wherein said reaction products are removed after 

2 the reaction. 

1 6. The method of claim 4» wherein said reaction products are left between the 

2 core and the claddmg after the reaction. 

1 7. The method of claim 4, wherdn said reaction products have refractive 

2 indices that change from that of the core to that of the cladding. 

1 8. The method of claim 4, wherein said reaction products have graded 

2 refractive index profiles from that of die core to that of die cladding. 

1 9. The method of claim 1, wherdn one of said reactions comprises a wet 

2 chemical reaction. 

1 10. The method of claim 9, wherein said wet chemical reaction occurs with 

2 one or more anistropic etchants having OH" ions in an aqueous solution. 

1 11. The method of claim 9, wherein said wet chemical reaction occurs with 

2 one or more isotropic etchants. 
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1 12. The method of claim 1, wherein one of said reactions comprises a 

2 thermal reaction at elevated temperatures above lOO^C. 

1 13 . The method of claim 1 , wherein one of said reactions comprises an 

2 oxidation reaction. 

1 14. The method of claim 13, wherein said oxidation reaction comprises 

2 reactant species including oxygen in their chemical compositions. 

1 15. The method of claim 13, wherein said oxidation reaction occurs at 

2 temperatures above 600^C, 

1 16. The method of claim 13, wherein said reaction products are removed 

2 after the reaction. 

1 17. The method of claim 13, wherein said reaction products are left between 

2 the core and the cladding after the reaction. 

1 method of claim 13, wherein the cladding includes a region of air or 

2 vacuum. 

1 19. The method of claim 13, wherein the cladding includes a region of air or 

2 vacuimi before said reactions and no region of air or vacuum after said reactions. 

1 20. The method of claim 13, wherein the cladding includes a region of 

2 material that includes silicon in its chemical composition. 

1 21. The method of claim 1, wherein one of said reactions comprises 

2 annealing in an ambience other than an: at elevated temperatures above lOO^C. 

1 22. The method of claim 1, wherein said strip waveguide has said core 

2 surrounded by said cladding: said cladding comprising one or more materials having 

3 different refractive indices than said core. 



1 



2 



23. The method of claim 22, wherein the cladding includes a region of silicon 
dioxide. 
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1 24. The method of claim 22, wherein the cladding includes a region of 

2 air or vacuum. 

1 25 . The method of claim 22, wherein the cladding includes a region of air or 

2 vacuum before said reactions and no region of au or vacuum after said reactions. 

1 26. The method of claim 1 , wherein the cladding includes a region of 

2 material that includes sihcon in its chemical composition. 

1 27. A method of making a low-loss high index difference waveguide, 

2 comprising: 

3 providing a planar waveguide containing core/cladding interface roughness; 

4 and 

5 subjecting said waveguide to one or more treatments that reduce the 

S core/claddmg interface root-mean-square (RMS) roughness in order to in turn reduce 

7 scattering losses in said waveguide. 

1 28. The method of claim 27, wh«:ein the difference in the effective refractive 

2 indices of the core and the cladding of said high index difference waveguide is greater 

3 than or equal to 0.1. 

1 29.. The method of claim 27, wh^ein the single-mode cutoff dimension of 

2 said high index difference waveguide is less than 2.5 times the wavelength in the 

3 core. 

1 30. The method of claim 27, wherein the waveguide core is reduced in size. 

1 31. The method of claim 27, wharein the effective index of fte waveguide is 

2 reduced. 

1 32. The method of claim 27, wherein one of said treatments is a reaction that 

2 produces reaction products with different chemical compositions from that of the 

3 core. 

1 33. The method of claun 32, wherein said reaction products are removed 

2 after the reaction. 
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1 34. The method of claim 32, wherein said reaction products are left 

2 between the core and the cladding after the reaction. 

1 35. The method of claim 32, wherein said reaction products have refractive 

2 indices tiiat change from that of the core to tiiat of tiie cladding. 

1 36. The method of claim 32, wherein said reaction products have graded 

2 refractive index profde from that of the core to that of the cladding. 

1 37. The method of claim 27, wherein one of said treatments involves wet 

2 chemical reaction. 

1 38, The method of claim 27, wherein one of said treatments involves thermal 

2 reaction at elevated temperatures above lOO^'C. 

1 39. The method of claim 27, wherein one of said treatments involves 

2 oxidation reaction. 

1 40. The method of claim 39, wherein said oxidation reaction comprises the 

2 reactant species including oxygen in their chemical compositions. 

1 41 . The method of claim 39, wherein said oxidation reaction occurs at 

2 temperatures above 600°C. 

1 42. The method of claim 27, wherein one of said treatments comprises 

2 annealing in an ambience other than air at elevated temperature above lOO^C. 

1 43, The method of claim 27, wherein die core includes silicon in its chemical 

2 composition. 

1 44. The method of daim 27, wherein die cladding is a region or regions 

2 surrounding the core with lower effective refractive index than that of the core. 

1 45. The method of claim 44, wherein the cladding includes a region of silicon 

2 dioxide. 

1 46. The method of claim 44, wherein the cladding includes a region of air or 

2 vacuum. 
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1 47. The method of claim 44, wherein the cladding includes a region of 

2 air or vacuum before said treatments and no region of air or vacuum after said 

3 treatments. 
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